We have isolated 165 Caenorhabditis elegans mutants, representing 21 Synaptic transmission is a major mechanism for intercellular communication in the nervous system. Many of the events that mediate synaptic transmission occur presynaptically and center on the synaptic vesicle cycle. The major steps of the synaptic vesicle cycle were described 20-40 years ago by investigators using electrophysiology and electron microscopy (reviewed in refs. 1-3). In brief, neurons produce specialized vesicles that are transported down axons to synaptic sites, where they are filled with neurotransmitter and stored in clusters. A small fraction of the vesicles become docked at active zones on the presynaptic membrane. The arrival of an electrical signal at the synapse induces the opening of voltage-gated calcium channels, and the resulting influx of calcium leads to the fusion of some of the docked synaptic vesicles with the plasma membrane and the release of neurotransmitter into the synaptic cleft. Transmission of the chemical signal is completed when the neurotransmitter binds postsynaptic receptors. The cycle continues in the presynapse with the docking of additional vesicles and the local recycling of fused vesicle membrane by endocytosis. Over the past 15 years, a molecular description of the synaptic vesicle cycle has begun to emerge. Biochemical and molecular studies have been important for the identification and analysis of many presynaptic proteins (reviewed in refs. 4-6) and have illuminated the roles of some of these proteins in the synaptic vesicle cycle.
Synaptic transmission is a major mechanism for intercellular communication in the nervous system. Many of the events that mediate synaptic transmission occur presynaptically and center on the synaptic vesicle cycle. The major steps of the synaptic vesicle cycle were described 20-40 years ago by investigators using electrophysiology and electron microscopy (reviewed in refs. [1] [2] [3] . In brief, neurons produce specialized vesicles that are transported down axons to synaptic sites, where they are filled with neurotransmitter and stored in clusters. A small fraction of the vesicles become docked at active zones on the presynaptic membrane. The arrival of an electrical signal at the synapse induces the opening of voltage-gated calcium channels, and the resulting influx of calcium leads to the fusion of some of the docked synaptic vesicles with the plasma membrane and the release of neurotransmitter into the synaptic cleft. Transmission of the chemical signal is completed when the neurotransmitter binds postsynaptic receptors. The cycle continues in the presynapse with the docking of additional vesicles and the local recycling of fused vesicle membrane by endocytosis. Over the past 15 years, a molecular description of the synaptic vesicle cycle has begun to emerge. Biochemical and molecular studies have been important for the identification and analysis of many presynaptic proteins (reviewed in refs. [4] [5] [6] and have illuminated the roles of some of these proteins in the synaptic vesicle cycle.
Classical genetic approaches using invertebrates have complemented biochemical studies by identifying additional presynaptic components and by allowing assessment of the function and importance of individual proteins (7) (8) (9) (10) (11) (12) . The discovery that inhibitors of acetylcholinesterase (AChE) can be used to select for resistant mutants in Caenorhabditis elegans (13) opened a powerful approach for the classical genetic analysis of synaptic transmission. AChE functions to hydrolyze the neurotransmitter acetylcholine (ACh) after its release into the synaptic cleft. AChE inhibitors (such as aldicarb and trichlorfon) cause hypercontracted paralysis of wild-type nematodes as well as cessation of growth and reproduction. Mu- tations that decrease the amount of ACh that is released or decrease the sensitivity of the postsynaptic response could impart resistance to AChE inhibitors (14) . We refer to the resistance phenotype as Ric for resistant to inhibitors of cholinesterase. Unlike screening for mutants with behavioral defects, selection on AChE inhibitors identifies potential synaptic transmission mutants directly and allows the screening of large numbers of animals.
While it has been known for some time that certain C. elegans uncoordinated (Unc) mutants are resistant to AChE inhibitors (13) (14) (15) (16) (17) , the use of genetic screens to select for Ric mutants directly has thus far resulted in the isolation of mutations in only 6 genes (13, 18 
MATERIALS AND METHODS
General Methods. Standard methods were used for culturing and observing C. elegans (19) . Aldicarb (Chem Service, West Chester, PA) was prepared as a 105 mM stock solution (1 g/50 ml) in 70% ethanol and added to the agar growth medium after autoclaving; aldicarb-containing agar plates could be stored for periods of 1 month or longer at 4°C with no reduction in potency. Levamisole (Sigma) was added to agar plates after autoclaving, and the plates were used within 24 hr.
Strains. The Bristol strain, N2 (13) , was used for general genetic manipulations and as a reference strain in the levamisole and behavioral experiments. The Bergerac strain, RW7000, was used for sequence-tagged site (STS) mapping (20) . Ric mutants were isolated in two strain backgrounds: RM25 and TR638. RM25 is a derivative of TR403, a wild strain with elevated Tcl transposition (21 
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Proc. Natl. Acad. Sci. USA 93 (1996) strain characterized by a high frequency (8 x Table 2 references; data not shown for unc-26 (md250)]. Mutants in 4 genes were chosen because they represent strong viable alleles of genes for which null mutants are lethal: cha-] (p1152), egl-30 (md186), unc-17 (e245), unc-104 (e1265) (used for levamisole assay), and unc-104 (rh43) (used for expulsion assay) (see Table 2 for references). Mutants in the remaining 11 genes were chosen because they represent the strongest available allele of that gene. Six of these mutants are severely locomotion defective (less than 10% of wild-type thrashing function remaining): ric-3 (md158), ric-8 (md303), unc-2 (e55), unc-10 (e102), unc-11 (e47), and unc-41 (e268) (see Fig. 3 (20) , using the aldicarbresistant phenotype. After Ric mutants were mapped to a chromosome, those with a visible phenotype, commonly Unc or sluggish, were tested for complementation with each of the known Ric mutants on that chromosome. Mutants complementing all previously identified Ric genes were mapped by using standard techniques (13, 19, 23) . The ric-8 gene, reported here for the first time, was mapped to the interval between lin-i and dyf-3 on linkage group IV.
Quantitation of Levamisole Sensitivity. A body wall contraction assay (24) was used to measure responses to levamisole. Plates 60 mm in diameter, containing a 2-to 3-mm spot of Escherichia coli grown overnight at room temperature, were used for the assay. A group of 10 synchronously grown young adults was placed near the bacterial food source on plates without the drug. The worms were photographed, transferred to plates containing 10 ,uM levamisole, incubated for 10 min, and photographed again. This was repeated for three or four sets of 10 animals for each strain. The photographic negatives were projected, and the midline of each animal was traced and scanned into a computer, and CANVAS (Deneba Software, Miami, FL) was used to autotrace each image to a Bezier curve and to calculate the length. The average lengths were then calculated for each set of animals.
Behavioral Analyses. For expulsion analysis, synchronously grown young adults were examined with a dissecting microscope (X50 or x 100 magnification) for the presence or absence of an expulsion after each posterior contraction of the defecation cycle. Seven to 10 animals were examined per strain; each animal was observed for 12 consecutive defecation cycles. Since the animals initiated defecation cycles only when they were ingesting food (as evidenced by pharyngeal pumping), severely pumping-defective strains would often have long periods with little pumping activity (more than 10 min) and no defecation cycles. For these strains, only animals that were regularly pumping were used for expulsion analysis.
To assay thrashing, worms were synchronously grown to the L4 stage. Individual worms were transferred into a microtiter well containing 60 ,ul of M9 buffer on top of agar. After a 2-min recovery period, thrashes were counted for 2 min. A thrash was defined as a change in the direction of bending at the mid body. Eight worms were examined for each strain.
RESULTS
Isolation and Identification of Ric Mutants. To isolate Ric mutants, large populations of larvae were transferred to agar plates containing aldicarb and examined 1, 2, and 3 weeks later for animals that had matured and reproduced. No mutagen was used; rather two mutator strains with elevated transposon insertion activity were used to facilitate the cloning of Ric genes by transposon tagging. Quantitation of resistance in some of these mutants has shown that most can grow and reproduce on concentrations of aldicarb that are 2-to 3-fold higher than the concentration that is necessary to stop growth of wild-type C. elegans (17) . Table 1 lists the genes that were identified in this study and the number of alleles found for each gene. The distribution of alleles among the 21 genes is striking and reveals the necessity of using large-scale selections to identify new Ric genes: 70% of the mutants analyzed thus far represent just 6 of the 21 genes (unc-13, unc-41, ric-1, snt-1, ric-3, and unc-18). Alleles of a single gene, unc-13, account for almost a fifth of the total mutants.
Responses of Ric Mutants to the ACh Agonist Levamisole Suggest That Most Do Not Have Defects in ACh Reception. Two likely mechanisms that could lead to resistance to inhibitors of cholinesterase are defects that reduce the release of ACh and defects that reduce the sensitivity of ACh reception. Alterations in the AChE active site could also confer resistance, but such mutations would be dominant and would occur at a far lower frequency than the recessive mutations described here. To distinguish between release and reception defects in the various Ric mutants, we measured their response to exogenously applied levamisole, shown to be a nicotinic ACh agonist in the related nematode Ascaris (25) . In C. elegans, at least three genes which can mutate to confer levamisole resistance (unc-29, unc-38, and lev-1) encode homologs of nicotinic ACh receptor subunits (J. Lewis, personal communication). Mutants in one of these genes, unc-29, are defective in levamisole binding (26) .
To quantify ACh receptor responses we measured the extent to which the animal's body wall muscle contracted upon a 10-min exposure to 10 ,uM levamisole. If the Ric defect were due to impaired reception of ACh, one would expect the mutant to contract less in the presence of levamisole. If the Ric defect were due to decreased ACh release, the mutant would not be expected to show a reduced response to levamisole.
Only the ric-3 mutant, as well as the unc-29 control, showed resistance to levamisole-induced body wall muscle contraction; the remaining mutants showed either normal or hypersensitive responses (Fig. 1) . These data suggest that impaired reception of ACh contributes to the aldicarb resistance of only one mutant, ric-3. (29) . The final step of the cycle, expulsion, appears to be mediated by a direct excitatory action of GABAergic neurons on the enteric muscles (28) . Animals with severely reduced levels of GABA [e.g., mutants of unc-25, which encodes glutamic acid decarboxylase (GAD), the biosynthetic enzyme for GABA; Y. Jin and H. R. Horvitz, personal communication] fail to expel in about 88% of cycles (27, 29) . We measured expulsion failure rates of the Ric mutants and control strains (Fig. 2) (Fig. 3) . The thrashing defects of most Ric mutants, when measured as a percentage of wild-type function, were much more severe than expulsion defects in the same mutant. Three exceptions to this pattern, however, are snt-I and unc-75, which retain comparable levels of wild-type function for both thrashing and expulsion, and aex-3, which is only moderately impaired in locomotion but is severely expulsion defective. These results demonstrate that expulsion analysis, while useful for identifying Ric mutants with general synaptic transmission defects, often does not accurately portray the severity of the animal's locomotory defects. This lack of correlation between thrashing and expulsion defects among the various Ric mutants could have numerous possible causes, including, but not limited to, differences in the frequency of each behavior (150 per min for thrashing, 1 per min for expulsion), the specific properties of the circuits underlying each behavior, and the degree to which the affected gene serves a redundant function in each behav- (17) . In the present study, we used a pharmacology test, sensitivity of body wall muscle to the ACh agonist levamisole, to assess ACh receptor responses. We then analyzed the expulsion step of the defecation cycle, a behavior that is well defined cellularly, genetically, and neurochemically, to identify Ric mutants with general as opposed to cholinergicspecific defects in synaptic transmission. The combined results of these two assays divide the Ric mutants into three classes ( Table 2 ) and suggest that most Ric mutants have general defects in the release of neurotransmitters.
The largest group, class A, includes mutants in 15 Ric genes with either normal or hypersensitive responses of body wall muscle to levamisole and defects in expulsion. The Ric phenotype of these mutants is likely to be due to decreased release of ACh caused by a general defect in the release of neurotransmitters. It is also possible that one or more of these Class B includes mutants in five Ric genes (cha-1, ric-1, ric-4, unc-1 7, unc-64) that had normal responses to levamisole but did not exhibit significant expulsion defects. The Ric phenotype of these mutants is also likely to be the result of decreased ACh release. These mutants could have cholinergic-specific defects (in fact, this is known to be the case for cha-1 and unc-1 7); however, lack of an expulsion defect could also be due to residual function in the allele examined or to redundancy of that gene's function in the expulsion behavior. Molecular characterization of ric-1, ric-4, and unc-64, followed by localization of their gene products, will be important for distinguishing among these possibilities.
Class 21 Ric genes described in this study have been cloned; seven encode proteins that play defined roles in, or are homologous to, proteins involved in the synaptic vesicle cycle (Table 2) . Two genes encode cholinergic-specific proteins: cha-1 encodes choline acetyltransferase (38) , the synthetic enzyme for ACh, and unc-1 7 encodes a putative synaptic vesicle ACh transporter (39) . The remaining five genes encode proteins whose roles are known not to be limited to cholinergic synaptic transmission in other animals. snt-1 encodes synaptotagmin (24), a protein that plays a role in calcium triggering and increasing the efficiency of neurotransmitter release (40) (41) (42) (43) . Synaptotagmin may also function in synaptic vesicle endocytosis in C. elegans (44) and in other organisms (45, 46) . The mammalian homolog of UNC-31 is CAPS, a novel brain protein required for calcium-activated exocytosis in permeable PC12 cells (ref. 47 and T. F. J. Martin, personal communication). The mammalian homolog of UNC-18 is n-Secl/Munc-18 (35, 36) , which encodes a protein that interacts with, and may play a key role in regulating, the presynaptic protein syntaxin (48) (49) (50) . unc-2 encodes an a-1 subunit of a calcium channel (33) , and unc-104 encodes a kinesin-related protein that is required to transport synaptic vesicles to synapses (7, 8) .
The homologies of these seven proteins to presynaptic proteins are consistent with our studies of synaptic function in these mutants: the cholinergic-specific mutants, cha-1 and unc-17, had normal levamisole responses and no expulsion defects, whereas the general presynaptic mutants had normal or hypersensitive responses to levamisole with significant expulsion defects. The fact that five class A Ric genes encode general presynaptic proteins suggests that other genes in this class (aex-3, ric-8, unc-10, unc-1l, unc-26, unc-41, and unc-75) are likely to encode additional general presynaptic proteins.
Defects in Signal Transduction Proteins Can Also Lead to the Ric Phenotype. Two class A Ric genes, egl-10 and egl-30, encode proteins homologous to signal transduction proteins (Table 2) . egl-10 is expressed predominantly in neurons and encodes a nematode RGS protein that is homologous to the yeast protein Sst2p, a negative regulator of G protein signaling (31) . egl-30 has recently been found to encode a homolog of Gaq (32) .
egl-10 and egl-30 were originally identified in screens for mutants defective in laying eggs (30, 51) , although both also have defects in locomotion (ref. 31 ; Fig. 3 ). Pharmacological studies suggest that the egl-10 egg-laying defect is neuronal (30) . This is consistent with our finding that egl-10 is a class A mutant (presumed general presynaptic defect). The cause of the egg-laying defect in egl-30, however, is less clear. Pharmacological studies are consistent with EGL-30 acting both presynaptically and postsynaptically in the egg-laying behavior (30) . Our results suggest that egl-30 does not have a defect in reception of ACh through nicotinic receptors, but they do not exclude a postsynaptic defect in non-nicotinic ACh reception.
Another class A Ric gene, unc-13, encodes a protein that, while mostly novel, contains a region with homology to the Cl and C2 regulatory domains of protein kinase C and, in addition, shows high-affinity phospholipid-dependent phorbol ester binding in vitro (34, 52) . Thus, unc-13 may also be part of a signal transduction pathway. Although the nature of the signaling pathways disrupted in egl-10, egl-30, and unc-13 requires further investigation, our finding that mutations in these genes can lead to the Ric phenotype opens up a new approach to isolating components of signal transduction pathways that modulate synaptic transmission.
One of the strengths of classical genetics is the ability to identify novel components of a process, beginning with the isolation of mutants. The isolation of Ric mutants, combined with earlier behavioral screens, has in fact yielded novel components of synaptic transmission (unc-17, unc-104, unc-18, and unc-13), for which vertebrate homologs have since been identified (48, 49, (53) (54) (55) (56) . Our initial assessment of synaptic function in Ric mutants, combined with the homologies of some Ric mutants to synaptic vesicle cycle proteins, suggests that genetic and molecular analysis of Ric genes will continue to yield insights into the functioning and regulation of the synapse.
